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RAFT TR-1331

PREFACE

The. purpose of this study was to establish a2 criterion which )

could be used to predict the stability performance of servo a,n@iifier/

servomotor confoination_s_. A particular arplifier/motor combination is

voltage due to the effect of the servomotor impedance on the amplifier
internal feedback loop. These oscillations are not to be confused with -

those of a servo system.

4'Tbi§ study develops a teéhﬁiqug to obtain the open-loop gaint

\ghara'cteristics of servo amplifiers by means of external measurements

‘with no access to the feedback loop and no knowledge of the exact ampli-

,d_e.fined as unstable when there are oscillations in the amplifier cutput

:fier circuit configuration. With this technique and proper specifications

on the servomotor, a worst-case stability dumrsr,v:!.oad can be specified for

. testing thé stability characteristics of ihcoming production servo ampli-
.fiers, 'The theory, procedures, and test techniques necessary to obtain

"theé worst-case loads are presented. Amplifier lcop gain and load impe-

dance frequency characteristics are examined to determine the frequency

range where instability may- occur. Specialized computer programs written
to aid in the stability determinations are included for future reference.

A limited number of servo amplifiers were evaluated, and the results are

summarized. Recommendations are made to modify present specifications

to include parameters which will insur~ the stable operation of amplifier/

motor combinations.

. This work was performed under ATRTASKS A34520/2311/69F17532Lk02
a2d. 524522006/2311/F008-01-15 for Naval Air Systems Command (AIR-52022).
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HAFT TR-1331
ABSTRACT

This report presents a study of the stability probiem (tendency
for unwanted oscillation) of a servo amplifier driving a servomotor.

Servo amplifier stability is affected by the servomotor impedance bemg
reflected back into the amplifier internal feedback loop. ‘

The servo amplifier/servomotor modeling technigues: used for
stability evaluation are considered. The study develops techniques for
evaluating, <testing, and specifying servo amplifier/servomotor cpm‘biria-;_
tions with respect to stability. Recommendations are made to mﬁify pres-
ent specifications to include parameters which will insure stable cpera-
tion of amplifier/motor combinations. A limited number of con:gercially

available servo amplifiers with standarci servomotors are evaluated and

results are summarized,

Prepared By:

Approved By:

Controls Systems Branch

A, MARASLO, Manager of
ental Research Division
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GLOSSARY OF MOTOR MODEL TERMS

5 .
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W

o

-

Rs = Rye+ Roc -- Series Resistive component of the complex impedance

N Ry ---~-------- Série. AC resistance 3 ¥
Ro¢ ~=+===-=---- DC resistance of the stator or stutor copper loss zl §
Ig <-toscase--si SEriss Tnductive component of the complex impedance . ;
- Xis -;-3}1r1f--6 Sériéé rezctive component of the ccomplex impedance ’ %
Iys ------<-=-<- Stator leakage inductance i
D p ~-<-smmmi<=z Rotor leakage ‘nductance zs )
LE Ly ~s--=---- Magnetizing induttance
; ) 'Réf: e lme o Core loss ) / g}
. Ry £=----s=--===> _Rotor Resistance
5, S meeommnae ~--- S1ip n
o ':Rifgz-t--fe ----- Effective rotor resistance, & ]
i ] _iiz_-2?-3-----4-.Leakége,inductance in half the primary (stator) which is
v 2. - . p??‘gggneticélly coupled to the other half of the primary i}
: winding. -

_Series Motor Model - A simple model of the servomotor in which the impe- f

o

. dance of the. conbrol winding is lumped into three series components:

Jj ) 7 7R?C ’ RAC F) and. 1.15-.
Complex Motor Model - A more realistic model of the servomotor in which

 Wine

the inductive coupling between the stator and the: rotor of the motor is
represented by a symmetric transformer equivalent,. :E

‘Tdeal Equivalent Circuit - An equivalent circuit of the servomotor which

was developed theoretically snd does not teke into consideration para-

Mg

sitics associated with the actual components which will be used %o im-

plement the circuit for luboratory testing.

3

¥

Practical Eguivalent Circuits - An extension of the Ideal Equivalent

Circuit which includes models for the physical components (and their

associated parasitics) used in the experimental dummy loads. These ii 3
equivalent circuits were establishex and analyzed using the NAFI CODED - 1
, circuit analysis program to verify the experimental data measured in {7 y
| the laboratory. ‘
i Experimental Equivalent Circuit - An equivalent circuit which schemati- =
% cally represents the configuration of the actusl physical components g;
!
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I. COXCLUSIONS

A. Present servo amplifier and servopotor specificstions are rot suffi- L sl
cient to ipsure the stsble cperatifon of the combination. Mecy muplifier
spacifications do nct Dresent the range of 16zds wpich wiil result in B
stable arplifier operation. The effects of ihe freguency cheracteristics -
of the load con the amplifier loop gain are mot considered. The servomotor )
specifications do rtct usually mercion parameters which are uportant for P
stability consideratiozs, such as the control winding BC resistance; and R
the léakage reactance between the balves of the control winding. ]
- e ¥

B. The standard Series equivalent circuit motor model {Fig. 3, page 15j
is not sufficient to determine the stability characteristics of 4 servo-
mbtor/servo amplifier cozbination. ‘I'hls motor model dces not simlzte
the frecuency characteristies of the motor except at the operating
freguency (400 Hz).

C. The standard series equivaient circuit motor model inciuding the
control winding DC resistance (Roc ), the leakage reactance (X .r) and the
equivalent transforrer betiween the baives of tke control winding (?ig. 28b,
yage 65) is sufficient to similate the motor characteristics ard to deter-
mine the stability performance of the amplifier/motor combinations at
frequencies above the operating frequency (400 Hz). For the limited num-
ter of amplifiers tested, it was observed that all instabilities occured
at frequencies egbove LOO Hertz. In general, however, the equivalent series
motor model would not be sufficient to test for amplifier/motor combine-
tion instabilities because oscillations could cccur at freguencies below
400 Hertz.

D. The complex equivalent circuit motor model {Fig. 5 page 17) is suffi-
cient to similate the frequency characteristics of the servomotors both

ebove and below the operating frequency-

[ S T
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S 2. Given no extermel access £0 servo erplifier fesihack loopz and no
: ]  Xnowleige of the cireuit configwration, it is possible by an externel mea-
12 ":smtmmmm&em@n&mmmasorana@m.
3 %f E B m:e‘ogﬂy requiremsnt Recessary for this technigus %0 be walid is thei

= there be feedback comnected to one of the outpat termimals. fhis Is typi-
:_"..« cefi, éince loxr oumtpuat Impedance and gain stabiiity are desired and ackieved

' 3 . The stabﬂityger:ozmnce of a sexvo azglifierisen'a:otor corbination

L : °: can be estzbifshed by 2 worst-case stability dwmy load test. -
G: The power ontput capability of 2 servo azplifier can be established
S - by-a worst-case power dimm=y loed test.
3 - H.- A nosinzl worst-case dummy load can be established for evaluating

e servo amplifier phase shift, gain megnitude, gain linearity, and saturated
o - R N .
A | -.output-voltage by means of itrensfer function plots.
3 3 - -
- I. A technigue is necessary to establish the correlation between the

-  “valiie$ of R and Ls and betweer the vaiues of R; and Is in order to

1

' wt
[ m«-(érwwy ol a3 ’
oy PR

Bk AN e et e

enn

[y s hex, e

{
!
i
I
i
}

-:determine realistic limits for a worst-case durmy load. (See Fig. 3,
page 15, for definitions.)

J. A measurement technique was necessary to cbtain Ry and I, » since these
parameters were not specified.

K. fThe stability of servo amplifiers is very sensitive to proper signal
and power ground connections. The large power ground currents must not
flow through the input signal ground lead.

L. Proper heat-sinking of a servo amplifier is very important since the
amplifier tends toward instability with increasing temperature.

M. The cioice of a dummy load for an amplifier depends on the internal
circuit configuration and open loop gain characteristics of the amplifier.
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=. DX -

Servo anpufz.er procurement should mccrporate testiﬁg with worsg
case duzmy loads to estabiish more accurate and coplete ampiifiéb per-
formance data. It is recommended that three separate dungng loads be -
utiiized. A nominal dummy load should be utilized to obtain ‘aﬁpliﬁer»
room teapersture performance uata such as gain magmtude, gam 11!18&2‘1
Dhase shift, and saturated output volt tage level. . ) :

The second load is the worst-case stability dummy. lc;é?f:f This load
should represent the worst set of amplifier load parameters which would
tend to cause oscillations in the ampiifier output voltahge. The- ampllfler
should be at high temperature when tested with this load to establlsb a -
worst-case.stability condition. The dummy load may be designed for usge
at room temperature by having all its temperature-dépendent p@i'ametérs
altered to simulate a motor at the worst-case high temperature.

The third load that should be used is the worsit-case powsr dummy
load. All of the temperature conditions and load parameter values should
be chosen to provide a load which will produce minimum in-phase power
delivered to the load,

It is suggested that the complex motor model (Fig. 5, page 17) be
used for the worst-case stapility dummy load. The parameters which must
have their ranges specified to determine the simpler equivalent series
motor model (Fig. 28b, page %65) are Rs, Is, Roc, Lip . The coupling coeffi-
cient, K, vetween the stator and rotor of the servomotor is the only addi-
tional parameter needed to obtain the complex model parameters from the
equivalent series model data., Preliminary calculations from the limited
amount of testing performed indicate that only the value of K hag a gec-
ondery effect on the motor impedance (%Z=z) and, consequently, on the

stability in the frequency regions where instability is likely to occur.
Therefore, it is recommended that only the psrameters for the equivalent
series motor model (Rs, Is, Ryc, and L. p) be required on the motor spezi-
fication, The value of K should then be determined by the method presentsd

in the report when worst-case aummy loads are being developed.
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"°B. SERVOMUTIOR SPECIFICATION CHANGES

Servomotor specifications should include the maximum value of the
leakage. indnétgnée;between the halves of the control winding (I.p) and
the i‘ap'g'e_ .0f values of the control wianding DC resistance (R, ) as defined

- in Pigure 280, page 65, The technique presented in this report to measure
’q}fesé r‘éqamﬁandé’d motor parameters should be utilized.

In order to develoﬁ a worst-case dummy load from a motor specifica-

- tion, bounds must be placed on motor parameter values. Using the data

- 'aiié.i}gélé, (a'bbut 30 samples for each size motor), bounds were placed on

the m{:or parameters. It was observed that realistic bounds could ohly
'bjfé,‘;éétabiished when correlation between certain motor parameters are
taken into. account. The value of the control winding series reaciance

‘(X.s)- 38 correlated with the control winding total series resistance (Rs)

and DC resistanceé {Rpe). Since Xis is the motor parameter which had the

minimum value distribution spread about the sample average, it was chosen
as the indepepdent >varia.ble for the correlation. Thus, for every value
of X s, there exist ranges of the values of Ry or Roc. The region of
acceptable motor parameter combinations on a plot of ¥, s versus either

Rs or Ryc would be a parailelogram rather than the square region obtained
when all parameters are considered to be independent of each other.

It is recommended that similar testing on larger sampie sizes be
performed to establish more accurate correlation and data spread inforw
mation for the motors. However , uging the limited sample sizes availasble
for this study, specifications for all the motor parameters were deter-
mined. The values of X s all fell within a range of % 15% around the
sample average., The least squares best linear fit curve was drawn
on the plots of X s versus Rs and Roc . The allowable spread of Rs and Foc
values for any particular value of X, s was assumed to be + 15% (of Rs and
Rpc sample averages) around the best linear fit curves. Table I provides
the coordinates of the corners of the parallelograms defining regions of
acceptable motor parameters on the X s versus Rs or Re plots. The

equations for the least squares best linear fit correlation relationships
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between parameter data sets are given in Table II. Cut of iHé totalof -
20 motor data sets available, only the data f,oﬁ' two motors did not fall -
within the parallelograms. s '

To addition to specifying Xs, Rs, and Fje using correlation . . . -
techniques, the maximum value of the lesksge inductance between the o
halves of the contrsl winding (I,,) should be specified. The largest -
value of I;, is the worst-case as far as stability is concerned; amd Typ
does not significantly affect the nominal or worst-case power dummy loads -
at 400 Hertz. A worst-case value of 2.6 ok was used to determine the
dummy loads for the set of motors investigated. This value was slightly
higher than the highest experimental value which was 1.8 mh.
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> TARR I Coordinates of the Corners of the.Parallelograns
Defining Regions of Acceptable Motor Parazeter Cocbinations
-} Motor ) Rpc Range* R, Range
Size (&55) (0t=s) {Czs)
: 160.6 6.3 - 91.1 96.9 - k1.7
5 3 -
217.3 . 87.3 - 11k.1 157.7 - 262.5
‘ 151.5 7.k - 271.2 9.7 = 85.7
K :3‘1 -
1 205.0 37.9 - ¥T.7 157.6 - 19k.2
' . 8.7 6.8 - 10.6 33.5 - 51.3
. ’ 130.5 19 - 18.7 67.6-- 85.k
¥Rye. measured at xoom temperature
TABLE II 1ieast Squares Best Linear Fit Equations
Motor Size Equations for Least Squares Best Linear Fit
8 Boc = o.hos'((xts) + 12.536
8 Rs’ = 1.0732(st) - 53.083
11 R, = o.382h(xls) - 35.625
1 R = 2.0296(}g_5) - 2bn.136
15 R, = 0.2790(){“) - 1hk.07h
15 R = 1.1861(x“) - 54.529
6
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III. INTRODICTION

A, STATRMENT OF PROBLEM

The basic problem ard purpose of this report is best demonstrated
by the following real life example. A servomecharism is designed and. -
tested with a certain servo ampiifier/servcmotor combination in ‘the con-
trol loop. The servo operates satisfactorily and meets. all of the design
specifications. Speeifications are then drafted for the amplifier and
motor and sent to manufacturers for bid. The contracts for the servo
amplifiers and servomotors are awarded respectively to Company A and
Company B. The system operates satisfactorily with this pafticular empli-
fier/motor combination. Upon completion of the original contract, the
servo components are resubmitted for bid. Company C is awarded the con-
tract for the servo amplifiers and Company B retains the contract for the
servomotors. When this motor is connected to the amplifier, oscillation
occurs. The oscillation normally occurs at some frequency above the
specified operating frequency. This, of course, causes extremely expensilve
production delays and crash analysis studies to detemine the cause of the
problem.

T™is example problem points out the fact that present servomotor/
servc amplifier specifications are not sufficient to insure the stable
operation of amplifier/motor combinations. A sufficient set of specifi-~
cations were established for the determination of amplifier/motor compat-
ibility. 1In determiring these specifications, the economics of incfeasing
the price of the components due to additional specifications was kept in
mind. Therefore, it was of prime consideration to keep the number of
additional specifications tc a minimum and to establish a testing technique
which would not be costly in an inspection and production environment. The
following ideas, reasonings, and solutions were used to develop a criterion
which would insure the stable operation of servo amplifier/servomotor
combinctions. It is intended that the information contained in this
report will be useful t6 both manutecturers and users of servo amplifiers

and servomotors.
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20 ‘B, GENERAL DESCRIPTION OF SERVO AMPLIFIER/SERVOMDTOR OPERATION
;: 1 : Figures 1a and 1b illustrate typical servo amplifier/servo-
3 motsr diagrans for an amplifier with a Sullt-in 90° phase shift. A push-
: - pull; usuilly Class B, output stage is employed. This type amplifier acts
' - ) _ 1ike two separate amplifiers operating on altema"i:e half cycles of the
b 1 Carrief signal, with lcop gains thet are Felatlvely independent of one
N | - afothér. Thé stability problem is due to the feedback required to obtain
i‘ s . . ‘the desired amplifier characteristics of low output impedsnce and cali-
;‘ .- sbrated gaih., The feedback loop is normally connmected to one side of the
5 i ‘jé_ni,’tpuﬁ stage, and therefore, has different paths' during different half-
J " ¢yéles. of the carrier signal. Tt should be noted that the tuned motor
; ’ 1“oqdand the tuned interstage transformer are usually in the feedback
R " -10ps 3
e% . . fO’p'timun_l perfoménce and power transfer to the motor are attained
?‘o:: - . by ining the motor impedance for wnity power factor at the carrier fre-
‘ »‘% C A tiuen’cy. 'v ;';s_i' 1s u’s,!;lally—_-aci:o'rﬁplished by a perallel tuning cgpacitor on
." “the -¢ohtrol winding. Although Some stability advantage can be achieved
e F _ vith a parallel tuning capacitor on each half of the control winding
(reference NAFI TR-1053), the continuing efforts toward small size and
* ) weight in military electronics favors the single capacitor tuning wmethod.
g.‘ V All motor tuning referenced in this report will mean single capacitor
: " tuning unless otherwise specified.
W i ‘ The major consideration in thls study is the determination of
i ' amplifier/motor compatibility with respect to stability. The advantages
. and disadvantages of the test methods are reviewed with respect to feasibil-
: ity for use in a production environment.
a; A number of amplifiers and motors were tested to verify the
theory presented. The results are given in Chapter VIII.
g
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IV. SERVO AMPLIFIER/SERVOMOTOR COMPATIBILITY WITH RESPECT
TO SPECIFICATIONS AND PRODUCTION TESTING

As pointed out in the iﬁtroduction, present servo aﬁplifiéfzf
servomotor specifications are not sufficient to predict the stability
performance of the combination. Present servo amplifier specificatibnsg,
state that the amplifiers are designed to operate into an effective iqggﬁr‘
dance of XXX (ohms). This specification assumes that the load is basis
eally inductive and tuned at the operating frequency by means of a paral-
lel tuning capacitor. The specification in no way takes iato account
the stability characteristics of the amplifier over the entire frequency
range of interest. .

Preseat servomotor specifications call out nominal values of
the series resistive component of the complex imgedance (Rs} and the
series reactive component of the complex impedance (X.s). These specifi-
cations are sufficient to specify a motor model that é@equately simulates
the characteristics of a servomotor at the operating frequency. It shall
be demonstrated that a stability problem does not exist at the operating
frequency, but at some value above the operating fregquency. Because of

this fact, the present servomotor specifications and models are not

adequate to properly simulate the characteristics over the entire fre-
quency range of interest,

The first consideration in determining stable operation of
the amplifier/motor combination is to establish a method to predict the
stability characteristics of the servo amplifier, In order to predict
the stability performance, it is necessary to obtain the open-loop gain
characteristics of the amplifier. The first method utilized consisted
of performing a circuit analysis using the NAFI CODED (Computer Oriented
Design of Electronic Devices) circuit analysis program on the amplifier/
motor combination, This technique is not feasible in a production envi-
ronment because the amplifier manufacturers are hesitant to release the
actual circuit schematics which are of a proprietary nature. Even if the

schematics were available, thare is no guarantee that the manufacturer
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will not chanée the circuit configuration in the middle of the cosntract
so as to improve the circuif design and perforrmance. For these reasons,
this metlhod »f obtaining open-loop gain»chzrécteriétics is not satisfac-
tory in a production environment.

The second method of obtainiang the opsn-loop gain characteris-

ties of the amplifiers consists of ottaining a frequency response o2 the

-amplifier with the feedback loop opened. This method is also not feasi-

ble in a production enviromment since the amplifiers are $otally encased
and usually have no access to the feedback loop.

Since the amplifier incernal circuitry cannot be determined
nor usually specified, and since there is no access to the feedback loop.
it is necessary to look at the characteristies of the amplifier from
terminal (external) measurements. In general, any circuit with sne or
more feedback loops can be represented by an equivalent circuit with
only one feedback loop. The equivalent circuit utilized in this si~dy
is illustrated in Figure 2. The varameters G, H, and open-loop ouirput
impedance (Z (OL)) are frequency dependent variables. Usually Z (0L} is
high compared to the lcad impedarce and is negiected.

A method was devised to measure the GH product as a function
¢ frequency and is presented in Chapter VI. From the values of the GH
magnitude and angle at each frequency, a lcad could be calculated that
would cause instability (GHZ, = loop-gain = 1 [}ggi). The plot of this
critical load versus frequency is then compared with a plot of the motor
load as a function of frequency (see Figure 21).

From a comparison of the two plots, it can be determined whether
this particular motor load can cause instability. A more thorough dis-
sertation of this testing method and stability criteria is given in
Chapter VI. As a method of insuring the stable operation of amplifier/
motor combinations, this method is not feasible. A large amount of time
and effort is required to obtain the frequency characteristics of each
individual amplifier, However, this method of obtaining the open-loop
gain characteristics is valuable and necessary to determine a worst-case

dummy load which can be used to test amplifiers. It is also useful in
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the désign of servo azplifiers. From the standpoint of specifications,

this melkod would reguire the specification of limits for open-1oop gain

cpharacteristics which would be difficult {o check in the incoming guelifi-

cation o1 amdlifiers.

Tre. zethod suggested for specifying and testiing production
-amplifiers and mofors for compatibpility is called the worst-case stability
dummy load test metkhod. Rither by means of previous experience or b};r

zeans of obtairing the open-loop characteristics of a sample of amplifiers,

tie gereral open-loop gaia characteristics of fhe ampliliers must be
Xnown. With this knowledge, a proper selection ¢ servomotor parameters
can be made which wiil result in a Worst-case stabizlity dwwy lcad. This
Ipad is effectively the worst load wiith respect to stability to which the
amplifier may be subjected. Each amplifier mzy uw tested with this speci-

- Pied dummy load to insure stable operation witn n specific size of moter over

ap entiieyjﬁequency range, The only necessary adfiition to present ampii-
fier specifieations is to include testing the amplifier with the worst-
case dumegy i.oad.

In order to properly determine a2 dummy 1load which will simulate
the servomotor characteristics over the frequency range of interest, a
mere thorough servomotor specification is necessery. The additional
specifications reqguired include a tolerance on Rs and X;s, the DC resist-
ance (Rpe) with an uppropriate tolerance, and the maximum value of the
leakage inductance (I, p). Justification for the addition of these param-
eters lies in the requirement for a& more accurate motor model. Chapters
V and VII and NAFI TR-1053 validzte the necessity of an improved motor
model.

Economically speaking, the dummy load method of testing with
the addition of these few parameters is the best approach. The justifi-
cation for the increase in price for the addition of thcse specifications
of course reverts back to the savings that will resuit due to reductions
of production shut-downs caused by the stability problem., Normally, when
the stability problem 6ccurs, an analysis of the problem results which

can also odd an appreciable amount to the already high cost of the shut-

down,
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V. SERVOMOTOR DISCUSSION

A. SERVOMOTOR DESCRIPTION
1. Equivalent Circuits :
Servomutor manufacturers? specifications 1ist the- equivalent

series circuit parameters as shown in the equivalent seriés motor model
of Figure 3,

AC ]

A% AA'AY

N

Figure 3 Eguivalent Series Motor Model

The inability of this series circuit to properly simulate
actual motor impedance over the frequency range of interest necessitates
the use of a more complex servomotor equivalent circuit, Most litera-
ture uses the simplified equivalent circuit shown in Figure b4 to repre-
sent one phase of a servomotor operating under balanced conditions.
However, servomotors with center-tapped control winding for push-pull
amplifier applications suggest an equivalent circuit with three input
terminals, Actual servo amplifier operation as shown in Figure 1 further
Justifies this idee. Therefore, Figure 5, the modified servomotor equiv-
alent circuit as suggested in NAFT Tk-1053, is the choice for most
practical applications with balanced input motor voltages, In a null-

type servo system, the voltage on the control phase will be much less
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Figure 4 Complex Equivalent Circuit of the Servomotor

SYMBOL = SERVQM)TQR PARAMETER 71
R°c= Stator copper loss 3 i
3
a
LLS= Stator leakage inductance L
Lu= Rotor leskage inductance ] ‘
L” = Magnetizing inductance
I
R" = Core loas 1 {
R, = Rotor resistance o
( b
S = Slip L ,
R, r
-l Effective rotor resistance Lo
i
,{.
i
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RA¥T TR-1331

then the rated value a large percentage of the Time. However, an analysis
of the loads for an untelanced and a balanced case, using the CODED cir-

.cuit analysis commter prograz, resulited in little significant difference

tetween {he loeds at frequencies awey frowm 5CO Hz.
‘2. Equivalent Circait with Center-Top Comtrol Winding

. ‘ In Figere 5, the control Dhase wmdmg DC resistance (B¢ )

and; the ledkage inductance (L,,) between the halves of the control wind-
ing are shown in the primary circuif of an ideal transformer. This trans-
former is necessary io reflect the load %o either half of the control

. ¥inding depending on which half of the amplifier output is sperating.

‘The sypmetric %ratisfomer equivalent simulates the ciator and rotor ioad-
"ifng in tke secondary as follows: Tne magnetizing inductance and the
.staf;or ané rotor leakage inductances are represented in terms of the
c-?ﬁpling coefficient (K) between stator and rotor windings. Rg/S is the
) effective resistance of the rotor. mote that the iron magnetization

],ste; Fepresented by resistance R, in Figure & are ignored. Accordin«
to most sources, this is a fair approximation since the ratio of R, to
Xpu. is much greater than one. The impedance groups of Za and Zs are
utilized in the procedure to determine the equivalent circuit parameters.
B. EQUIVALENT SERIES CIRCUIT PARAMETER CORRELATION

\ ' In order to specify worst-case dummy loads, the servomotor
parameters must have limits associated withieach of them. Initially, the
motor parameter limits were established and a dummy load developed, based
on the assumption that all motor parameters were independent of each
other. However, nearly every amplifier tested with this load exhibited
unstable operation. After further investigation, it was determined
that there is correlation between the R,., R, and X . motor
parameters, and this was not considered in the initial dummy load. The
result was that the dummy load parameters were placed at their uncorrels-
ted extremes in such a way that actual motor parameter data would not

come close to the dummy load data. For example, consider the plot of Rs

versus Xis for several motor samples as illustrated in Figure 6. It was
determined that the condition where X;s is maximum and Rs is minimum is

the worst case as far as stability is concerned. The uncorrelated param-

eter specifications would have indicated the use of data corresponding
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NAFI TR-1331

“to point 1 (Figure 6) whiie all of the data fell within the paralielogram

indicated by the heavy lines. Actually, the data at point 2 represents

a much more realistic worst-case set of data for dummy load determination.

The simple series equivalent circuit of the servomotor was used

ﬂbéqause a large. part of the experimental data available for this study
‘ ¢onsisted of data for the simple case only. Most of the actual motors
‘were not available for further testing, so all data correlation and dis-

_tributidon information had to be derived from the series equivalent circuit.

The servomotors for which data was available are listed in Table III.

“fgble IV lists the series equivalent circuit parameters received from

Kearfott and NAD, Crane, Indiana. Table V gives the series equivalent
circuit parameters and the complex equivalent circuit paraméters for the
servomotors tested at NAFI. As it will be pointed out later, the worst-

case dummy load was- first determined in terms of the series circuit param-

. eters and then converted to the more complicated equivalent circuit

(Figure 5) for experimental testing.

" Excluding temperature variations, the DC resistance (Roc¢) in
properly wound motors is dependent only upon type, size, and length of
the control winding wire. However, actual sample tests on 30 motors re-
realed worst-case variations of +45% and -30% from the sample average.
The value of tuning capacitor (C) is determined by the value of the in-
ductive reactance (¥X.s) at the design carrier frequency. The variation
in velue of the leakage inductance (I_p) is mostly due to internal design
and manufacturing process. In contrast to the smallness of L,p and its
control, Is is much larger and more controllable., In fact, laboratory
tests on motors with consecutive serial numbers from a given manufacturer
generally have less than ten per cent variations in X s. Many have varia-
tions of lesc than one per cent. Laboratory tests on sizes 8, 11, and 15
motors from seven manufacturers revealed that each of the approximately
30 motors per size exhibited an X s value within + 15% of their respective
sample average, However, the same tests indicated that the Ryc value
fell within the range of -30%. %o +46% of the sample average. At the
same time, the worst-case values of Rs had a 72% (of sample average)

spread.

20

opoe! RS owit R e TR aghoiets

[

1

o
————

£

3

-

e L A e e AT T




o v

ST

11116""'“}(:_,“1&\

Nt -
- .'/—~ -
TR

PO A

T e
> . T L
- a2
. ol

Ll

I e m “ ;\»v-‘ . {W‘ CM“

NAFTI TR-133L

TABLE IIT Servomotors

NOTE: THE NUMERICAT, PART OF THE IDERTIFICATION CODZ DESIGRATES THE MOTOR -SIZE.

MANUFACTURER

MODEL NO.

o o .y o

IDENTIFICATION CODE

8a
8B
8c
8D
8
8%
8c
8R
81
83
8k
8L
- 8M
8N
8p
8q
8R
8s
81
8u
8v
8w
8x
8y
8z
8aa
8BB
8ce
8DD
8EE
8rF
11A
118
11¢
11D
11E
11F
116
11H
111
1.7
11X
1iL
1M

KEARFOTT
"

VERNITRON
KEARFOTT

1
n
n
]
n
1
1

MCMASTERS
i

1
1

WESTON-TRANS.
1t

VERNITRON
1

KEARFOTT
"
1
TACHTRONIC
1
1

KEARFOTT
1t

olThlTh

8s5M4-12R
2L ThdrTh
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TABLE TIT Servomotors (continued)

-IDERTIFICATION

MANUFACTURER

MODEL KO,

SERJAL KO.

11y
1P
1Q
1R
115
1nT
1y
1w
< 1AW

- mx

11y
117
1Aa
15A
158
15¢C
15D
15E
15F
156
15H
151
15J
15K
151,
15M
1ON
i5p
15Q
15R
158
LT
15U
i5v

15X
15y

KEARFOTT
MCMASTERS
n”

1
1

WESTON-TRANS.
1t

. n
1

1
”"

1

TACHTRONIC
1

1t
n
me
"
n
"

ohTlleTs
1ISMAC

"
”n
1
11
1
”
1
"
1
1t

olyrhly76

1
1t

_olyplkt

W

ngsmqmmrgom;dgsmﬂrwmk’

3421-13
3011k
3421-15
3421-16
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TABLE IV Servomotor Equivalent Series Circuit Parameters Obfdined from

Eeorfott* and NAD¥¥; Crane, indiena
IDENEgIJ;ZJCATION _ . R, R, ¢ Rc
(oHMS) (onms) (oms) (onvs)
8D 179.3 138.1 79.9 58.2
8E 180.0 135.0 79.5 55.5
8F 202.2 155.7 85.8 69.9
8¢ 182.2 136.7 79.5 ST. It
8H 184.8 135.3 79.3 56.0
81 185.2 132.1 78.8 53.3
83 185.2 132.1. 7.1 55.0
8k 180.0 135.0 19.6 55.4
8L 193.8 161.8 87.6 T".2
8M 195.6 159.2 89.4 65.8
8y 198.4 160.5 8o.k 71.1
8p 198.7 153.2 38.8 6h. 4
8Q 18, 153.5 98.6 54,9
8R 1745 148.2 101.5 6.7
8s 195.2 160.3 98.0 62.3
8T 193.4% 156.0 97.0 59.0
8u 209.1 175.0 102.0 T3.0
gy 209.3 172.5 101k T1.1
8w 208.2 174.6 103.5 1.1
8x 210.k4 179.2 102.5 6.7
8y 168.6 133.3 85.0 48.3
8z 180.5 134.% 8k.5 49.9
8AA 1747 138.4 85.2 53.2
8BB 172.2 133.5 8.0 k9,5
8cc 184,1 152,8 91,0 61.8
8pD 187.1 152.9 9.4 62.5 :
8EE 187.8 152.0 91.9 60.1 !
8FF 184.6 153.3 91.9 6L,k !
11¢ 175.0 103.7 26.8 76.9 :
11y 181.0 110.1 26.4 83.7 ;
11t 175.0 103.7 o, 7 79.0 :
113 170.9 10%,0 27.0 T7.0 !
11K 173.2 111.1 27.5 83.6
1L 173.7 105.8 26.6 79.2
11M 172.2 110.4 27.0 83.%
11N 170.9 104,0 7.6 76.4
11p 183.2 112.6 28.5 8h.1
119 179. k4 109.0 28.2 8.8
11R 171.3 97.9 28.4 69.5
11s 175.7 99.0 28.5 T0.5
117 183.1 148,0 37.7 110.3
11U 184. 4 149,9 37.7 112.2
11V 186.0 158.7 37.2 121.5
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TABLE IV (Continued)

B U SOV )
K

IDENTIFICATION X R R, Re
- CODE Y S ¢ A
(onMs) (oHMS) (omMs) (oms)
1Iv 186.5 157.2 37.6 119.6
11X 202.3 165.5 43.8 121.7
11y 20k.5 164,3 43,4 120.9
112 199.2 162.3 43.0 119.3
118A 189.4 17h.6 4,5 130.1
15E 88.3 53.5 11.2 k2.3
15F 89.4 51.5 11.2 bo.3
156 89.1 51,5 11.2 40.3
15K 91.3 50.1 11.3 38.8
151 90.3 52.2 11.2 41.0
155 89.1 51.5 11.1 ho.h4
15K 90. 4 52,2 11,2 41.0
15L 88.9 54.2 11.2 43.0
15M 96.T 58.2 12.3 k5.9
15N 93.0 60.0 12.4 h7.6
15P 9%5.1 59.7 12.5 k7.2
15Q 95.5 61.6 12.4 ko.2
15R 97.0 60.2 11.0 ko,2
158 96.7 6l.1 10.9 50.2
15T 97.9 62.8 10.9 51.9
15U 97.8 62.6 11.1 51.5
15v 106. 4 T1.9 16.0 55.9
15w 105.1 0.4 16.4 54,0
15% 104.6 .6 17.0 57.6
15Y 106.2 72.0 16.3 55.7

* Buresu of Navel Weapons Contract Nuuber NOW 62-1000-F awarded to
Kearfott Division, General Precision, Inc., Little Falls, New Jersey.

¥* Navel Ammunition Depot
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TAELR V
- SERVOMOTOR BRUYVALENT CTHCUET PARAMETERS FOR MOTCRS TESTED AT RAFT
i m SERIES EQUIVAIRNT CIRCUIT COMPTEX EQUIVAIEXT CIRCUIT
CODB c c Hs Xs | [E{Rech &, 1L ¢ R,
g‘ (omss)] {oms)| (oms)| (oms) [(oms) | (=h) {eh) [(0oms)
= 8a 88 52,3 | 1%0.3 | 182.8 8 |1.8:}.137{8:.5 |38
- 8B 88 67.5 155.5 | 199.7 £8 1.72 }.7 .7 |380
H 8c 86.k { s4.1 | 138.1 }186.1}}| 86.% |1.718 |.105 j85.6 {300
) 118 8.9 | 55.6 | b5 li68.6|128.9 1150 |.815 {83.2 {367
% 118 8.7 ] 68.2 | 9.9 1IN 28.7 |1.71 |.83 i88.% |250
2k 1ic 29.3 | 62 91.3 [163.T}}29.3 }{1.59 |.823 {83.6 |[31c
11D 35.71 76.¢ |112.6 {166.21135.7 | .9 |.88:196.6 {355
~ 11E 35.7 | 8.8 (120.5 16k.2 35.7 .96 [.875 }92.0 {320
; 117 36 70.k l106.4 } 164.5 36.0 .97 1.852 189.8 {310
157 12,73 | 36.77 | L9.> 91.5 | | 12.73 j1.0k | .8 |hi75 [a8k
;} 158 12.06 | 32.6% | uk.7 91.1{}12.33] .8:}. ,ala.a 185
4 15¢ 16.08 | 53.82 .9 1109.9}116.08} .61 | .85968.8 {192
15D 16 sk, {777 10L.8 16,00} .58 | .885{66.75 }198
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§ I can be seen from the above paraeeter spreads,’thet the _parézf
SV * * eter most clesely comiroiled and most eesily specified is\s. It ues
*’ 3 Zor this reason that Mg was ckosen as the indapendent varisble in g
. ? correlation analysis of ihe motor peramgters. All of the sample vzliues
F 4 of Rg and By were plotted versus X.: as illusirated in Rigures 6 and 7

Ayt

.‘\
T
. 1

for size 8 motors. The iinesr least squares fit relationships vetween

each of the sets of Gata were determined asing a library ccmputer program
. - £

provided by the G.B. time-sharing service. A % 15% tolerence arcand the

* sampie average was Dlaced on the vaiue of X;s since all of the data fell

witkin this range, Lines were then drawn parallel to the best lirear fit

line snd displaced from this line by an amount equal to % 15% of the R

sndiRec sample averages. ~The resulting parsilelogram specifies a much

more realistic region in which the sets of parameters of "acceptable™ motors

zust lie, If & motor dazta set lies outside this regicn, the stability

predicted by the worst-case duzmy load cannot be guaranteed. At least

90% of 211 motors tested For this study fell within the regions specified.
+ can be seen that there now exists two values for each of the

o

= B2 0 T

(LT

T

OX

SUUTIUNINE S AN DU L Y

08

0,

extremes of Rs and Rye corresponding to the maximum and minimum values of
X;s . The sets of data corresponding to the corners of the parallelograms

%

ALY

will be used as the parameter extremes necessary for worst-case duwmmy
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load determinations.
Figure 8 illustrates a mg.trix of all the possible worst-case
loads.
C. COMPLEX EQUIVATENT CIRCUIT PARAMETER DETERMINATION
1, From Experimental Test Results:
Using measurement techniques as given in NAFI TR-1053, %, Zs,

and Z, of the control winding must be measured at various frequencies
along the band of interest. These impedances are given in Figure 9 along
with their definition in terms of motor impedances Zy and Zs as previously
shown in Figure 5. The values of Z. and Zs are then celculated for each
frequency with the aid of a time-sharing computer program given in Figure
10. A print-out of the results of one of these calculations is given in
Figure 11. Note that the print-out provides a check of the data by
supplying the measured end calculated values of Za for comparison,

26
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R, (MINTMON)

61

S1

50

X, (Mix.)

%, ()

3t

L1

R (W)

X, (Wx.)

- 70

81

Rs (MIN.)

¥These numbers represent a code for each particular combination of parameters.

c, »(MIN.)

Figure 8 Metrix of Possible Comdbinations of

c (MAx.)

c. (MIN.)

Extreme Motor Parameters
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10 'REM : INSERT DATA IN LINES 1000 TO 2000. THE QRDER OF DATA IS- M
20 ‘REM FREQUENCY: Vo, VIO, THETA, VS, VIS, PHI» VA, V1A, ALPHA. {j

-

-202. PRINT . j
‘204 LET =1 :

100 PRINT “CALCULATION OF SERVQ MOTOR IMPEDANCE 21 AND Z3."
- 110 PRINT

120PRINTENTER NO. OF FREGUENCIES AND VALUE OF CURRENT SENSING RESISTOR™}'
130 INPUT N,R1 2
140 DIM FUIS) -
150° DIM 0(15) : )
160 DIM S(15) :

180 DIM DC15)
190 DIM EC15)

206° ‘PRINT "FREQ","Z1 MAG (MEAS)","Z1 ANG (MEAS)"
210 READ C»V0,V1,A1,V2,V3,A3,74,V5,A5 [}
220.LET F(K)=C . -
230 LET 0(X)=VO*R1/V1
240 :LET - S(K)=V2#%R1/V3
260 LET D(X)=A1/57:296

—

- 270 ‘LET. E(K)=A3/57.296

“300 IF X<aN THEN 210

320 ‘PRINT“FREQ",'Z3 MAG","“Z3 ANG","Z1 MAG (CAL)>*,"Z1 ANG (CAL)"

. 390 LET TS=ATN((Z2~Z4)/7(21-7Z3))

’360 LET Z3%S(K)*COSCE(K))

280 PRINT F(K),42V43%xR1/V5,A5
‘290 LET K=K+1

"

310 PRINT

i«,..--.n’

'330 LET K=1
340 ‘LET Zl-O(K)*COS(D(K))
350 .LET 2230(K)*SIN(D(K))

370 LET Z4=S(K)*SINCE(K)}
380 LET ZS=SQR((Z1-Z3)t12+(Z2-24)12)

ooy [ Mot

400 IF (Z21-23)<0°THEN 420

410 GO TO 460"

420 IF(Z2-Z4)>=0 THEN 450

430 LET T52-3.1416+T5 -
440 GO TO 460

450 LET T5=3.1416+T5

460LET Z6=SQR(0(K)*ZS5)

470 LET T7=C(D(K)+TS)/2)%57.296

480 LET 27=4%Z6

490 LET Z8=Z6%C0S(T7/57.296)

500 LET Z9=Z64SIN(T?7/57+296)

530 LET X3=24SQR((Z1-Z8)12+(Z2~29)12)
540 LET T3=ATN((Z2-29)/(21-Z8))*57.296 : .
550 PRINT F(K),27»T7543,T3
560 LET K=K+l

S70 IF K<=N THEN 340 -
575 PRINT |
580 PRINT" IF MORE DATA NEEDS TO 3E PROCESSED, TYPE IN NEW DATA AND"
581 PRINT “RUN AGAIN®

1000 DATA O

9999 END

r“"“ﬂ
& e wend

3

o~

.
3

# s ra
. A

Figure 10 - m for Caleulation of Motor o
Impedances Zy and Z,
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15:52 CH-E WE 10/11/7

CALCULATIAN 8F SERVA MGTAR IMPEDANCE Z! AND Z3.

ENTER M@, aF_FRéquzncIEs AND VAL

7 12,50.25

: FREQ

40
100
200
300
400
500
600
1000
4000
10000
40000
100000

FREQ
40
100
200
300
400
500
600
1000
4000
10000
40000
100000

IF MARE DATA NEEDS

.

}
"z1 mackiMEAS] 71 ANG [MEAS]

28,8938
28,8938
30,15

- 30,9038

RUN AGAIN

TIME: .

5 SECS.

Figure 11 Calculated Values of Motor Impedances Z, and 2,

32,16
34,17

35.6775

40,7025
80,4
145,725
389,438
854,25

Z3 MAG

17.9421
4%, T0R8
104,209
136,673
167,455

.200,744

227.975
526,425
882,042
1856,85
7073.07

1970206 )

3.6
5.7
10.4
15,3
18,3
21,7

24,2

3.1
50,7
59.7
69.1
7.2

Z3 ANG

42,1675
82,1075

78,025

73 .0499
71,2285
69,6922
68,5288
67.2633
64,9246
69,271.
69,7973

-420 7853

Z1 MAG [CAL)

UE 8F CURRENT SENSING RESISTOR

23.369
28,7323
29,4477
31,661

32,6309

33,6832
34.8347
39,8336
88.9767
141,125
383,025
812,296

T8 BE PRACESSED, TYPE IN NEW DATA AND

31

Z1 ANG [CAL].

11.2639
4,48266
10.880!
14,8957

. 18,7388

22,2425
23.2682

28.8

50,3961

59,6089

70.8487
79,1365

Wt .
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The equivalent circuit parameter values of Figure 5 are calcu-
lated from the Z1 and Zs magnitude and angle versus freguency plots
shown in Figure 12, From these plots, the significant break frequencies
éndfasymptotic values are obtained. Then, using the equations in Figure
12, the equivalent circuit values.are determined.

" 2. From Mathematical Manipulation of Equivalent Series Circuit

Parameters:

Extreme parameter valiies have been determined for the series
equivalent circuit,rbut the complex equivalent circuit more accurately
represents actual motor impedances over the frequency range of interest.
To determine which of the 16 possible dummy load configurations (see Fig-
ure: 8) represents the worst-case stability load, the complex equivalent
’éircuit should be determined and evaluated for each of the 16 possible
loads. Areas of probable instability occur at frequencies otner than
Loo Hzy therefore, the complex circuit is necessary. A comparison of the
frequency responses of the two different szquivalent circuits is presented
in Figure 25b, page 61..

Figure 13 jillustrates the two circuits which must be equated at
400 Hz to arrive at parameter values for the complex eguivalent circuit.
The variables which must be determined are K, L, and R, and the necessary
equations are also given in Figure 13, After a value of K is assumed,
equation (1) is solved to determine a value of L which is used in equa-

tion (2). These equations are solved using a time-sharing computer

library program. These equations must be solved several times for differ-

ent values of K until an acceptable value of K is determined. The pre-
ferred values of K (0.6 to 0.9) and R are those close to values obtained
on the few motors tested in the lab. In some cases, two values of R are
obtained in the allowable range, and the lowar value of R is chosen since
it is closer to the experimental values obtained,

The results for the servomotors tested at NAFI are given in

Table V, page 25.
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(1-K)L
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b. Symmetric Transform BEguivalent

EQUATION RESULTS:

Figure 13 Equivalent Servomotor Circuits
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i : NAFT TR-1331

o d : ) VI, SkERVO AMPLIFIER DZSCUSSION

¢ "A. GENERAL DESCRIPTION
. The individual represertation of motor impedances Za1 and Ziz

constitute the motor portion of the servo amplifier/servomotor flow graph

shown in Figure 1. The remainder of the flow graph depicts internal

amplifier operation. The following eguations give the closed loop gain

of each haif of the amplifier: . l;

: i

P \ GGG G Z ' L.
08 — 1 2 3A MA 11}

v i1-GGC G 7 H (6-1) :

IN 2 3A MA 12 1 !

v GCG G 2

9.~ 1.2 3p M8 11
v -GG & Z H (6-2) -
2 33 Mg 11 1

[
2

From these gain equations, the system characteristic equations are: g

ETRCY Ty,
e ke A —————— =

) R C3aGuaZi2H -1 = O (6-3) ’ |
- Ge Gas Gus Z11Hy -1 = O (6-4)
The amplifier/motor combination will oscillate if either ..

equation 6-3 or O-h is satisfied. It is obvious that the GH of the

S

amplifier (G GeGaGyHi) is necessary for loop gain calculations. Usually,

A s

¢ _f none of these internal parameter values are available, and it is, there-
T b fore, necessary to obtain them by measurements.
e : In Chapter IV it is pointed out that obtaining the loop gain

characteristics by means of CODED analysis or by open-loocp. frequency

~
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response testing is not fessible in a production enviromment. Therefore,
it is necessary tc develop a technique employing externel measurement with
no access to the feedback loop to determine the internal part of the loop

gain,
B. GH OBTAINED BY EXTERHAL MEASUREMERT

1. Equation to Demonstrate Feasibility

It is relatively easy to shox how GH may be measured if the cir-
cuit has only a single feedback loop. Figure 1 illustrates the flow
graph diagram representation of both the closed loop transfer function
(C/R) and the impedance measured at the output terminals (Z,) with a load
impedance Z, attached. 2, can be obtained by driving the output terminals
with an external current source (Ip,) and measuring the resulting voltage.
The amplifier input terminals are shunted with a resistance equal to that
value used as the amplifier source résistance in the servo systenm.

7 In the equation for Zy, everything except the GH product is
known. Figures 15 and 16 illustrate that the same GH measuring technigue
may also be applied to amplifiers which have multiple or internal feed-

back loops.
2. Measurement Techniques

The GH measurement method consists of obtaining the output im-
pedance of the feedback side of the amplifier over the frequency range or
intersst. (40 Hz to 100 KHz was used for the laboratory measurements
phase of this project.) The circuit utilized is illustrated in Figure 17.

At discrete frequencies in the range of interest, the value

of Pl and the data to compute Z" are entered into a computer program to
compute GH and the load % which will make GHZ =1 180°. This load '
shall be called ZL (unstable). The computer program flow chart is il-
lustrated in Figure 18. Figure 19 presents the computer progrem as
written in G.E, card fortran and Figure 20 presents the computer pro-

gram as written in time-sharing basic language.

37
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E § ] Table VI presents the names of the verisbles used in these -~
s cazputer prograss. .
b 1 ] i
3: : " 3. GH for Non-Peedback Side of the Azplifier —
E P ] |
E . : ~ ‘The GH calculated from the output impedance measurements is =
g - ’ . < 3 only for the feedvack side of the amplifier (see Pigure 1). For the non- -
4 " o . feédback side of the amplifier, the absolute value of CH is approximately U
3 R ‘ ; the same and the phase is 180°P from the phase of the feedback side. The .
value of GH for the non-feedback side cannot be measured by external means.
: C. HOW TO OBTAIN Z;; ARD Z;, (unstable) CURVES FROM GH CURVES i
7 Sirce the magnitude of GH is assumed equal for both sides of the 2
3 amplifier, the magnitude of Z;; or Z:2 (for borderline stability) would —
W 1 Gy Ig 2 v v Gy, Z =
3 M 0 L 0 c _ 0 _ ML
= *—> Y o = -
=, 2
]
1 H -
|- |
%
o 8
|
) T 1 2 Yo Vs 2,
3 i ¢ s ZM - - i
: % IOX 1--(}M ZL H
: H i
L Gy
|
L
f Figure 14+ Tlow Diagrams of a Single Loop Amplifier
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RAFT R.1331

by

=1 L,

- Y -

” RRAD {

- X, R, 2 =

kel ‘ 2 xn -

F=57.296 1

: - £ ]

Y » N

/  ®EAD READ P(K) . . '

I L(1}, 1,80 V(&) C(R), (x)=0"] KK+l ;
3w J¥180.+ ,f '

ATHP(02/01)*R T

1.}
T1=180.-T3 !
DaT(K)/R !
m-:/ K)*RL/C(K
Gl=COSF(D)/22
-1./R2
A
\ B
G2-~SINF(D) /22 Lo 33
‘ 03=SQRTF(G1G1 FRINT F(K),
4 +G2vG2) < v(K),C(K), T(K),
=1 K=K+l 63,73,21,T

Figure 18 Flov Chart for Corputation of OH and 2,/ 14
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15

75

© 85

136
115
145
155

135

125
126
165
185

175
176

380
215
225
235

245
440

] NAFI TR-1331
F03-68-41 GH-EQU 000
PROGRAM To CALCULATE GH MAGNITUDE AND ANGLE AND BORDERLINE 160
STABILITY LOAD.ON FIRST DATA CARD PUT NO OF FREQS(20 MAX)sVALUE GFil0

CURRENT SENSE RESISTORs AND LOAD RESISTOR VALUE-(FORMAT 1352F5.0)4120"

ON REMAINING CARDS PUT DATA IN THIS ORDER- FREQ»sINPUT VCLTAGE» 130
CURRENT SENSE VOLTAGEs ANGLE OF INPUT WRT CURRENT SENSE VOLTAGE  14C

~{FORMAT F8¢093F5,01), 15C
DIMENSION F(zO)aV(ZO),r(ZO),T(ZO),L(BO) 160
K=1 170
READ 25sN,kK* ®2 : 220
FQR“AT "300) 230
IF (K=N) 2%,35445 240
READ B88sF(K)sVIK}sCIK)oT(K) 250
FORMAT (FR4093F540) 260
K=K+1 270
GO TO 65 280
K=1 290
R=574296 300
READ 46+(1L{I)91=1580) 302
FORMAT (BOA1) 304
PRINT 15+(L{I)sI=1+80) 308
FORMAT (19H1SA GH CALCULATIONSs/80A1/ 306
1 10H FREQUENCY s7X»3HVINs1CXs3HVCS» 307
2 6X911HANAR VIN/VCS»4X96HGH MAGsTX96HGH ANG95Xs11HZ UNSTB MAGe2Xs 308
3 11HZ UNSTHS ANG/) 309
IF (K=N) 85985495 310
b=T(K)/R 320
22=V(X)*R1/ClK) 330
G1=COSF{D)/Z22~-14/R2 340
G2=~SINF{(Nn)/22 350
G3=SQRTF(G1*#G14+G2%G2) 360
J=1 370
IF (ABSF{r1)-1F~B) 12591255136 375
IF (Gl) 11591254135 380
IF (G2) 14591554155 390
J==1 400
T3=J%18C4 +ATANF(G2/G1}1*R 410
GO TO 3890 420
J=0 ' 430
GO TO 155 440
IF (ABSF{G2)-=1E~8) 17591754126 445
IF (G2) 16591755185 450
=-1 460
T3=J#90, 470
GO TO 380 480
PRINT 176oF{K)sVIK)sC(K) sT(K) 490
FORMAT (4(PE104493X)s24HGH MAGNITUDE EQUALS ZERO) 500
GO TO 440 510
21=1,/G3 . 520
IF (T3) 2159225+225 530
T1=-180,~-7T3 540
GO TO 235 550
T1=180,~T3 560
PRINT 245,F(K)sVIK)I9C{K)sT(K)9G3sT3521sT] 570
FORMAT (8(PE10.,493X)) 580
K=K+1 590
GO TO 7% 600
END ) ) ) 610
Figure 19 Card FORTRAN Computer ii;gram for Computation of GH and Zhnstablg
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10 REM INSERT DATA IN LINES S00 TC 800. THE ORDER OF DATA IS~
20 REM FREQUENCY, INPUT VCLTAGE,CURRENT SENSING VOLTAGEs; AND ANGLE
30 REM OF INPUT VOLTAGE WRT CURRENT SENSING VOLTAGE.

100
105
110
120
121
130

140
150

160
170
180

190

200
210
220
225

230

240
250
260
2170
280
285
290
300
310
320
3390
335
336
340
341
345
346
350
351
355
356
358
359
360
362
365
3170
380
390
400
410
420
430
440
450
455
460
461
$00
999

PRINT '""PROGRAM 70O CALCULATE GH MAGNITUDE AND ANGLE, AND"

PRINT "BORDERLINE STABILITY LOAD"

PRINT -
PRINT "ENTER NO. OF FREQUENCIES, VALUE OF CURRENT SENSE RESISTOR"
PRINT “AND LOAD RESISTOR VALUE"

INPUT N;R1,R2

DIM F(15)

DIM V(15)

DIM 1(15)

DIM T(i5)

LET K=1

‘PRINT

PRINT “FREQ*,"VIN","VCS",* PHASE ANGLE OF VIN WRT VCS"
IF K>N THEN 250
READ F(X), V(K)» ICX)» TCK)
PRINT FC(K),UC(KI»I(XK), T(K)
LET K=K+1 :
G0 TO 210
LET =1
PRINT
PRINT"FREQ","GH MAG","GH ANG","Z UNSTBL MAG","Z UNSTBL ANG"
IF X>N THEN 455 ,
LET D=T(K)/57+296
LET Z2=(V(K)*R1)/1CK)
LET G1=C0S¢D)/Z2-1/R2
LET G2=-SIN(D)/Z2
LET G3=SQR(G1*G1+G2%G2)
LET J=1
IF Gl=0 THEN 350
IF G1>0 THEN 345
IF G2<O0 THEN 365
G0 TO 370
LET J=0
G0 TO 370
IF G2>0 THEN 360
IF G2=0 THEN 358
LET J=-1
GO TO 360
PRINT *“GH MAG EQUALS ZERO"
G0 TO 440
LET T3=J%90
G0 TO 380
LET J==1
LET T3=J%x180+ATNCG2/G1)%57+296
LET Z1=1/G3 !
IF T3<0 THEN 420
LET T1=180-T3
G0 TO 430
LET T1=-180-T3
PRINT F(K),G63,T3,21,T1
LET K=K+l
GO TO 280
PRINT
PRINT"IF MORE DATA NEEDS TO BE PROCESSED, TYPE IN NEW DATA AND *
PRINT "RUN AGAIN."
DATA 0
END

Figure 20 Time-Sharing BASIC Computer Program for Computation of GH and Z.nstahle
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TAELE VI

DEFINITION OF VARIABLES USED IN COMPUTATION OF GH AND 2L (UNSTABLE)

ITEM NO. VARIABLE DEFINITION
1 L(I) User information such as Mfgr., P/N, S/H,
etc. (The printout will be a duplicate of the}
input punched on the final data card.)

2 c(x) Current sensing voltage array

3 F(K) Frequency array

b 7(K) Angle of Input with respect %o current
’ sensing voltage array

5 V(K) Input voltage array

6 D 7(X) in radians

T Gl Feal part of GH

8 G2 Imaginary part of GH

9 G3 GH magnitude

10 N Number of freguencies

11 R - Conversion factor (radians to degrees)

12 Rl Current sensing resistor value

13 R2 Toad resistor value

1k Tl Z1 unstable angle in degrees

15 T3 GH angle in degrees

16 Z1 Z unstable magnitude

17 Z2 Measured impedance at amplifier output
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NAFT TR-1331

The angle of Z;,, which would cause
Also, Zy2 has gbout

be identical and equal to 1/ GH .
borderline stability, is 180° minus the angle of GH.
180° phuse difference from Z;; at 40O hertz. It can be showm that comparing

Zy» * 180° with the unstsble load determined from GH (non-feedback side)

+ 180° will yield the correct stability information for the non-feedback
si&e. For all o»f the amplifiers tested, Z;, never caused instabilities while
Ziz for the one tuning czpacitor case presented the greatest possibility of
instability., It is for this reason that the stability predictions and
caleulations for this study are based only on this single tuning capacitor

configuration,

D. CURVE COMPARISON

Figare 21 illustrates a composite plot versus frequency of the
~Zy2 for a typical motcr and the Z unstable for an amplifier. The plot
of -Z;a‘is presented because, as previously explained, in all the cases
examined, Z;, never made the amplifier unstable.' The loop gain which in-
volved Z;2 exhibited tendency for instability in both the one and two
tuning capacitor cases, but the former was more severe, ' The stability
criterion mentioned in Figure 21 indicates when the open-loop gain trans-
fer function has no poles in the right half plane. The curve comparison
technique is simply a quick method to examine the overlayed motor/amplifier
characteristics to perfom a simplified Nyquist stability analysis. The

value of the loop gain (LG) is

el = 'Z’z'/'zunstable'
because el = joHz, |
and ¥ j = _1.0
unstable —'-G—I_i-‘—-—

The |LG| = 1 when the magnitude curves cross, and the [AG = & 180° when
the phase angle curves cross. The stability criterion is determined from
Nyquist stability analysis which indicates right half plane poles if the

point (-1, O) is encircled by the polar plot of LG. Further discussion

of the stability criteria is presented in Chapter VII.
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As explained previously, the motor equivalent series: circuit

-

) Worst-Case Circuits 2

2

o

O

 STABILITY. DETERATNA NATTON. TECHNIQUES

) jparameter value limits ‘were: represented in & matrix of 16 circuit eases

g

5y

DY

-z
.-

z,

) output power) will be ‘the Wworst-case ‘power cir’cuit. “This worst-case cor-

dition was chosen %0 detérmine if the amplifiers could deliver an accept=-

most- unstable characteristics w:.ll represent that size motor as the worst-
case stability circuit
] the greatest opposition to amplifi,er output power (i.e,, causes minimum

" for eachi motor size (see Figure 8).

The eircuits i each group were con-
“verted. im.o -more complex circuits which reguired missing parameter value
;detemination.

The individual circuit in éach. group that exhibits the

" In agreement with this , the circuit that presents

able (minimum) amount of power to the load, Another possible worst-case

cqngitiof‘in is that. load which -causes maximum power to be delivered by the
amplifier which, would: indicate whether the output stages could withstand

sidered in this study ‘ ’I’his means that each of these worst-case circuits

maximum *load’ current, ’,l'he 1atter worst-case power condition was not con-

con_taim the. worst possible. paraméters conbination in their respective

sample motor group.'

Since the other ecircuits possess better power or

stabiiity characteris’ics, an amplifier that operates satisfactorily

with the- worst-caée eircuits will perform better with any other sample

)
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motor within that group.

2,. Dummy Ioads
a, General - With dummy loads that simulate the equivalent eir-
cuit in Figure 5 for nominal, worst-case stability, and worst-case power,
amplifier parameters such as stability, power output, gain, phase shift,
linearity, and temperature range performance can be measured or determined.
For proper dummy load simulation at temperatures above or Lelow room

temperature, the texnperature-sensitive motor parameters in the equivalent

s g

[

ANy £y

e -t e =

eircuit must be projected from their normal temperature value to the
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motor test temperature. Table VII lists: the worzt-ca.se dumw 10;& m-
eters projected to +125°C. This permits -amplifier tésting at. dessred
temperatures while the loads remain at room temperature, Also , this =
elimna tes the improper load simulation possible wj.th dumv load componenb
former and- low tolerance de.cade boxes for- the pa;‘ag_aetezts :L\n.,Figure«'f)' -
would provide rapid practical motof simulation foF 'sevfé?ajs motor sizés:
with the same dwimy Todd, With this type dimimy load based on practicai
correlated motor specifications, incc‘xnixig :’Lflspectiohx aiééép’taxiée‘ tests. C’éﬁ"
virtually assure servo amplifier/motor combination compatibility. .Another
very important point is that the dummy load motor parameter values have.
to be determined only once. : a

b, Computer-Aided Solutlon Technique = Dn'ring-point impedance
(Zu) and transfer impedance (Z;z) are the major- fotor parameters as seen
by the amplifier. 7In fact, these impédance mgni‘gudes and angles- g;ust
simulate actusl motor performance for the amplifier; Worst-case motor,
load simulation is accomplished by reducing &1L of the v:'oi'.St-éase equi-~
valent cireuit parameter values into their usable impedance equivalents
(Zy, and Zjz). The magnitudes and angles are calculated by a computér
program, The printout of the card fortran version and ‘the time-sharing
basic version of this program are illustrated in Figures 22 and 23, Table
VIII defines the variables used in these computer programs, This pro-
gram solves equations 7-1 and 7-2 for Z,; and Zj2, These equations are
developed in NAFI TR-1053, ' “
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DIMEN3ION F(13) ] 10 -
" PROGRIA 4 COMVERTED FROM TINESSHARING PROGRAM ZIZEOU 20
READ 4Dy (FL1)51=1913) e . . AJO'
49 FORHAT (1316) S ' - 90:
45 READ 509”:81’EL10EL9R4’CAY5C ,100
50 CORMAT ‘169F6029f603’F604QF601’fGoZ’E’oZ) . ) - ] 110='
. 1F((NI10)§10~N)60¢80 ’ - 120
60 PRINT 700” - 130
70 FORHAT (///IZQXQQHCASE NO: s16//7) . ‘ 140
GO 7O 95 i '150
80 PRINT 82 160
82 FORNAT (18192X960H$ERV0 MOTOR DRIVING-POINT (Z11) AND TRANSFER 1MP162
lEDANCE |212)) .163
85 PRINT 909N ) 165
90 FORMAT (7/24Xs9HCASE MO, si49//) ) ‘ 170 R
95 PRINT 100 - 180
100 FORHAT(bX,9HF8EQUENCY9bX’8H211(MAG)9bX9BH2114ANG),4X,8H112(HAG)o4X190
ZBHZIZ(ANG)94X¢8HPHR LOAD/) . 200
11 ' : : : 210
110 W = 2#3,146159265%F(]) ’ 220
ELe = (1~-CAYIREL | . 230
EL6 = ELA~EL]) 2#0
ELS> = CAYSEL ‘ 250
EMs = RQ*R#*C”’EL#)”Z 260.
£S5 = Rb/Eﬂb . 270
EYES: = IIIH’EL5D+ﬁ*EL4/EM4 ] : 280
EM5 = ESRESIEYESHEYES . ) 290
E3 = ES/EMS . 300
EYED = EYES/EMS+WEELG V 310
E7 = R1+E3 320
EYET = Wael14EYE3 330
EM7T ® ETHETFEYET*EYET - 340
E6 = ET/EMT | 250
EYES s<(EYET/EMT~XN%() 360
EMS = ESRESJEVEBSEYES - 370
€9 = (R1-(EB/EM8))/4 380
EYED = (EYES/EMB4WHELL;/4 ) 390
29 = SORTF(EIRESHEYEIREYEYD) - 400
T9 = ATANFLEYE9/ED)I#57,296 o ) 410
J =0 420
=1 430
IF(ED)I2T79,2T8 450
278 U= 1 . 460
279 IF(EYE9)281+280 ' ' ' 470
280 J1 = -1 430
201 T6 = Toajéjrérdso — -~ -~ 7 T T B ’ 490
PY = (RI4EB/EMBI/6 _ 500
P2 u (WREL1~EYES/EMB) /4 510
P3 = SORTF(P1’91+PZ¥P¢) 520
P4 = ATANE(P2/P1)1%57,296 530
PS » PARCOSF(P4/57e296) . ‘ 532
PRINT 34C,F(I)9P3oP4sZ9sT9sP5 540
240 FORMAT (1119F14eb9hFl244) 550
IF (1-13)350+45% 560
350 1 = [+] ) 570
60 T0 110 580
END 590

Figure 22 Printout of Progrem to Calculate Load Impeda.nces Z, and Z ,
(Card_FORTRAN Version')gl P
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NAPT TR-1431
’}f‘ul qupn,\rj T-n Cﬁ} p‘n r.'r’- ru '}?Ii]’;;?;})‘n]’nq‘(qll) .Q Tpp:\!s_
020 REH FER (712) IPPEDANGES, ENTER PATA Ia LINES Qc.—ssg 1Y
030 PFM THE FELLAVING ARDER: INIT, FFEC,,PDC,LEAKASE, ,,Prrqv ]
DAD REM RES;,K,CAP, N2, OF ADDITILHAL FRECS ASD%TTF”AL FRIG
050: PEH VALUES, ENTER CESE £ 1Y LINE 800 . ,
- 060 EET 121 ~
2100 RERD %, F PL,LL,L,RAK,C - 3h
102 PPIUT
104 PRIYT "C CASE" 2 . ) o
106 PRINT - - " P
110 PPINT " FREQUENCY","Z11(HeS)" lechwu " "ZI2(MAG) Y L2 2CANG) b
- §12 PP14T o, ~
120" LET Mz2*3,14159265%F T
JAD LFT LA=(J~-1) %L Ll
440 LET L6zL4-L1
350 -LET L5zKxL ~
160 LET $AZPA*RA+(MXLA) 42
179 LET E5zRA/HA
190 LET 152§/ C8%L5)+uxLA/14 ) .
jo0 LET M5zE5XES5+15%15 [
200 LET EAzE5/%5 |
- Ry0- LET 13215/154Y9%)6
220 LFT E1=RIAEZ n
230 15T I17zWxLIA4T2Z 3
240 LET WI=ETXETHTTIT : -
250 LET F2zE7/87
LET 182 (]7/MT-YACI*(~1)
LET Me=FaxFa+1ax1g
271 LET ER={R)-Ea/MN9)/4
272 LET I9=<18/M8+4%1,1)/4
273 LET 790:z5GR{EOXEO+I0%]Q)
P4 LET TzATH(IA/EQ) 57,296
275 LET Jz0
216 LET Jl=l
277 IF Eo<0 THEM 279
279 LET J=1 ‘
272 IF 19<0 THEN 29] §
220 LET )=~}
291 LET TozTo4 bk J] %120
205 LET P1=(RI+F2/M2) /4 , =
285 LET P2=z(YxL1~18/M3)/4 L
2ag | FT P3:=SAR(PI*P14P2%P2) .
290 LET PAZATM(P2/P1)%57,296
‘330 PRINT F,P3,P4,79,T90
240 IF I>N THEY 299
350 RELD F
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! 350 LET I=T+1 ,
: 270 G2 Ta 120 ¢
{ 200 DATA {70 .
| QN0 DPATE 1200
1 902 DATE 64 ;
o SN4 DATA 3E-3 5
| 905 DATA ,107,217,,73 : ‘
3 912 DETH |,53E-5 , L
914 DETA 2,400,100 }
999 £ -
. N
- .Figure 23 Printout of Program to Calculate Loal Impedances %y, end 2,
4 ) (Time-Sharing BASTC Version) Tt
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‘FORTRAN

TIME
SHARTNG
BASTC™

CAY

]

The coupling eogffiéiéht’
between the stator & rotor,

Tuning capacitor value.

Iegkage inductance, i

Magnetizing inductance, -
Case no,

RD [

.‘Rﬂ = Rotor resistance,
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"Z.- Tigure 8) were compared with the amplifier 7
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¢, Worst-Case Stability - The :impedance (magnitude and angle)

of =Zj2 for each different combination of extreme motor parameters (see
nstable (magnitude and angle)

et various freguencies. The combination of motor ;Dara.meters which resulted

in the g’;‘eatesiz possiblity of causing instébii:t' wsz the set of param-

eters ;Which ;::esylte'd in the largest absolvie value of the angle of (Z%2)

near 1200 hertz, This most unstable condition occurred with the amplifier
- -at Mihm t2mperature and ‘the motor equivalent circuit projected from

the. average motorzambient temperature to this maximum temperature. The

fql}dy}:ing éo;}ditii;ﬁé vére the same for sizes 8, 11, and 15 servomotors:

pis
— T =

:(l) The matsix case pumber was 71, Checking this case number
in %te EtriE Of possible Toads (Figure 8) shows that the equivalent cir-

’:’gnt ;a,r;meter valués for the worst-case stability dummy load have defi-

 pite "?ﬁéﬁle trends'-Boc‘,‘ XLs, and €; are maximum, and Rs is minimum.

T~

- (23 The operaﬁ;ng\*s*mperature 'was maximum. Generally, as the

‘ ampl.mf‘:ter Z s‘&a“ol 5 Magnitude and-absolute value of angle Z anstable
decrease w,th 1nereas.mg temperature, the motor Z;2 magnitude and absolute
valuve of the angle of 73z increases with increasing temperature, Thus,
the possibility 't}zat instability may occur increases. This shows that an
wplifi/ég[motor combination operating normally at room temperature can

very ‘easily become unstable at increased temperatures.

d.. Worst-Case Power - As previously mentioned, the worst-case
power e(;’uiva{lent motor circuit as defined in thLis report causes minimum
amplifier output power, The matrix case numbcrs that fulfilled this re-
guirement contained the maximum real component of driving-point impedance
(211) (i.e.; the maximum |Z)1| Cos /2;;). Like the worst-case stability
tests, the worst-case (W.C.) power conditions occur at maximum temperature.
These worst-case circuit values are also projected to their proper values
at the maximum motor operating temperature. The sizes 8 and 11 worst-
case power circuits are the same as the sizes 8 and 11 worst-case stabili-

ty circuits, respectively, with one exception. The tuning capacitor (Cr)
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{! :
i : *
value 4s minimum for W.C. -power and maximum for W.C. stability. For
: thé size 15 motors, the W.C. power dummy load corresponded to case W ) g
of the matrix in Figure 8. The equivalent circuit parametérs corrés- j
L ponding to this case are: R is ameximums R , X and C_ #re a §
o minimum. Table IX below reviews the worst-case power durmy load . ‘g
] parameter conditions. §
}z’ ‘
g - , ' ! !
. Ttem Parameter | size 8& 11 Motors | :Size 15 Motor, §
g | Mates | | @ o
- 1 1 Matrix Case Nc. 70 o Lo : f
ri- 2 1 Temperature Max ’ Max t
d 3 R Max ? Min i P,
b R : Min Max §
:} 5 X ‘ Max Min |
{ 6 c Min 1 Min ‘ !
P T : :
g {
e |
~ | 3. Load Implementation %
; - i
5 - Once these worst-case and nominal load parameters are deter- !
i mined, there still remains the problem of implementing the load by !
5 i ,
i Ny’ actual components for lsboratory tests. The most difficult item in the ‘
A X equivalent circuit to simulate is the ideal transformer. The CODED-"T" i
f automatic transformer design computer program was used to obtain a design

% vwhich would approximate the ideal transformer characteristics. Figure
L.

2k is the computer printout of the performance and construction data

;s - s
6 NP TR n g ey [ S,

: o for the transformer design which was used for the simulation of all
% three sizes of motor loads. The resistances in the dwmmy loads were
simulated by selected carbon composition resistors and the inductances
by decade inductance boxes. The transformer leakage inductance was
used to represent the leakage between halves of the control winding.

When calculating the values for the external resistors and inductors,

] T 25
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—=the..effect of the transformer internsl parameters-(e.g., secondary

,%gakagg, E%c’ and turns ratio) should be compensated for when possible’

‘for more aceurate simulation.

- Tﬁé magnetizing impedance of the transformer is high compared

;,:td*the secondary load, so the leakage inductances, DC resistances, and
- turns ratio are the only parameters of significance. The experimentally

determined transformer parameters are:

DC resistance (pri.) = 4.5 ohms
DC resistance (sec.) = 9.3 ohms
- Leakage inductance (pri.) = 2.6 mh
Leakage inductance (secx): = 2.6 mh
Turns ratio (_NP/NS) = 0.907:1

4. Load Comparisons (Practical, Ideal, and Experimental)

Once the parameter values were calculated for the loads using
practical components, an analysis of 7y, versus frequency using the
CODED computer circuit analysis program for the practical loads (Figure 26)

was performed and compared with the desired frequency responses of the ideal

‘loads (see Figure 5). These loads were constructed in the laboratory,

and the Z,; responses were determined experimentally. Figure 25 illus-
trates the comparisons between the Z,, responses for the ideal (Figure
5), practical (Figure 26), and experimental (Figure 27) worst-case
stability loads for size 8 motors. It is thought that the reason for the
disagreemeat in the experimental surve at high frequencies 1s caused

by inaccurate prediction of the transformer distributed capacitances which

have a significant effect.

Also, on the same drawing the Z,, of the practical equivalent
series dummy load (Figure 28a) is plotted to illustrate the differences,
It should be noted that the equivalent series qummy load differs signif-
icantly from the others at frequencies below the carrier frequency. The

importance of this will be discussed later. Figure 25b also illustrates
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FREQUENCY RESPONSE DIAGRAM
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“* B. TESTIEG. ?ROCEDUR.. (AMPLIFTER WITH WORST-CASE Dy L0AD)

A1l of the amplifiers which have an outaut power rating of —
anprox1mate1y 3.5 watts were tested with the size 8 and size 11 servo-
motor dummw“loaas while 211 of the high-powered amplifiers were tested .
uith only-the size 15 dummy load. Since the worst-case (as far as
stability i5 concerned) is when the amplifier temperature is highest
(resulting in highest amplifier gain), the amplifiers were all placed
in-an qven at their maximun rated case temperatures. To avoid having
tq implément a dufmy load which @uplicated the motor temperature
deggndence characteristics, the dumny load was kept outside the oveﬁ}
All témpereture depenaert'parameter values of the equlvalent circuit

were projectéd. up in temperature to the maxlmum. This maximum fotor

- température was decermined by .adding the temperature rise caused by the

- fixea.phase w1nd1ng being energized to the maximum ambient temperature

(+125°c) for the motors.

{iith the amplifier and dummy load at the proper temperatures,
-a-transfer .characteristic plot (see Figures 30, 31, and 32) was made
utilizing a demodulator test set designed and built at NAFI and a X-Y
recorder. A great deal of information can be obtained from these plots
such as low frequency stability, gain, gain linearity, phase shift,
saturated output voltage, and cross-over distortion. The function of
the demodulator test set is to provide an amplitude modulated input 400 Hz
signal to the amplifier and to demodulate both the input signal and the
amplifier output signal. The test set provides DC output signals for the
X-Y recorder which are proportional to both the in-phase and quadrature
components of the demodulated signals. .

C.  COMPARISON OF PLOTS OF Z (unstable) AND Z,, FOR WORST-CASE STABILITY
DUMMY LOAD

To understand how stability information may be derived from a

comparison of the Z (unstable) curve and the Z, curve for the worst-case

66
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stability dummy load, the définition of Z {unsteble) must be recalled.
The total amp?ifier feéédback loop gain is defined as G(S)H(S)Z: (S) ‘whére
2,(S) is the complex ioad on the amplifier, and: S(s)i(s) 4s j.ndependent
of the load. For a given freguency, a value of the GHproduct nay be .
determined e:gpeﬁmenta]ly, and ‘a value of Z; can be calculated from: the
characteristic equation: GHZ, + 1= 0. This ‘value of Z, is that awnich
causes worderline instability and is called Z’(unstable). 7

Information similar to that obtained from Fyguist stability -
plots can be obtained from the comparison of these curves. The fo‘.liow:.ng

E

equations indicate that the loop -gain magnitude at any ‘given freguency is -

1z] /1z (unstable). : , -

|z (unstable)] = ;1.6' ' '
et = ~ (1-3)

1200p gainf = GHzZ, - (7-) .

. 1z

o lloop gaa.nl ‘ R
7 (unstable (7-5)

Also, the phase angle of th:2 loop gain can be shown to be plus
or minus 180° when the %2 curve crosses Z (unstable). Therefore, a polar
plot of the loop gain can be considered to encircle the point (-1, 0),
vwhich indicates irsiability on a Nyguist plot, when the loop gain magni-
tude is greater than one (|Zi2] > |Z (unstable)]) at a frequency when the
loop gain phase angle is plus or minus 18¢° (at a crossover of the phase
curves). TFigure 21 illustrates Two staple crossovers anu one unstaple
crossover., One canndt blindly assume tnat meeting tne apbove crateria tor
encircling tne point (-1, O0) will ensure instability. The actual Nyquist
plot '(a polar plot of the loop gain) should be sketched from the %z,

Z (unstable), and GH curves or values, As indicated above, the loop gain
magnitude and the points where the loop gain angle equals + 180° can be
easily extracted from the comparison of Z2 and Z (uustable) curves. The
loop gain phase angle for any given freguency would be the sum of the
phase angles of GH and Z;2., This.sketch of the Nyquist piot should be
made at least once for each new amplifier configuration to ensure whether
the curve will encircle the point (-1, 0) in the proper direction or not.
For example, the polar plots in Figure 29 (a) and (b) of loop gain pro-

67

=2 -




S W N -
. ';':;j
i “ NAFT TR-1331
. F c . ) M ) ) ) )
E 3 ‘gressing in the directior of increesing freguency, are, respectively, en--
4 1 c.rc]:!ng and not -encircling “the point (-1,0). i

0
O R

[ SRR OO S
A

fgidy

Q

ey
¥ o ditar e

O I S,
-

N
» b

s
[
Lpond
R Y TN
TV P
a

Unstable: Steble

X erossover potnts of phase
plots on Figure 21

.. (8)  Figie 29 Nyguist Plots  (b)
.. Tt-wms noted vhen comparing these .curves that -instebilities
néver: occurred for frequencies below 400 heértz. It shiould also be moted
:Erom the cur,\res 4n Figure 25 that the equivalent sem.es duimy Joad

. (Figm'ﬂ 28) Z13 curve closely matches. the more. kconylex aummy Load
) (mgure 26) “Tam curve for Frequencies sbove 40O hertz. Had these facts
: ‘been Xnown ‘be;fo;'e. ithe testing for this ,study, the worst-case stability

~diinmw J10ad mtil‘]zea. could have been the simpler equivalent series model (Figure

‘ >28). However, 1o ensure that ‘the  dummy load is worst-case For all the

frequencn.es of ;proba‘b‘.l.e instability, the more complex dummy load (Figure

26) ds *ecomqenaeq and was utilized. The simpler equivalent series .dunnny

is; however, fully adequate for nomihal and worst-caseé power dummy load .
£ests on. amplifiers, where the 400 hertz value of the load -impedance is of
primary importance. The more vcomplicatea Aummy load was wtilized for the
worst-case power fbestir;g because the parameters for this load differed

from the worst-case stability load by only the capacitor value for the

sizes 8 and 11 motors. The amplifiers were not tested with nominal dummy

loads.

D, COMPARISON OF THE RESULTS OF THE TWO STABYLITY DETERMINATION
TECHNIQUES
Table X lists the servo amplifiers that were tested. Table XI

¥
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sﬁ:;nﬁé:rizes the stability and power output information obtained from the
,transfer funétion character:.stlcs for ‘eacth ampllfa.er. To evaluaté the
accuracy of stablllty predlctlons usmg worst-case dummr load testing,
the stablllty prpdlctlon 1nformat1on from thé frequency responses and
:t‘rom the transfer i‘unctlon plots ut11121ng dummy loads are summar:.zed and

compare&l in Table XIT: Out of a possibie total of 38 correlations (match-

h ing: s»ablllty precnctn.ons) ,, there were 30 (79% of the total) correlations

and 5 (13% of ‘the total) borderline situations. There were only 3 (8% of

Athe total) disagreeménts in the stability predlctlons. The reasons. for

‘the Cisagreements. were not ;deter;nmed, but only two different amplifiers

aré involved. The Nyquist plc'd:.s'. of these amplifiers were made, but the

stablllty predictions did -not change.. .

It is felt that thére is sufficient correlation between the two
éﬁability tésting; methods to allow confidence in the stability predictions
‘utilizing worst-case stability dummy loads. However, if test equipment
simila:g) to the demodulator test .set is used to determine stability, an
oscil‘lor'sc;ope should also be used to monitor the amplifier output voltage
to detect low level oscillations at frequenci;as atove 400 hertz. These
high frequencf oscillations would be filtered out by the demodulator if
they did not affect the amplitude of the cafrier signal significantly.
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| VIII. EVALUATION OF SEPVO AMPLIFTER m RFORMANCE S

. - - - -

A. CRITE!LA FOR EVALUATION-OF SERVO Amm/smam cammnoas L e

£} L 3
i 1. stab:.hty Evaluatmns Using Motor and Anpliﬁer !‘rggencl e
Characteristics FL 7 ' . :

~ : T :
§ L 5
: 5 The exact criteria for stability pred:.ction using i:he n'equency, . g
characteristics companson was- presented in section VIi.C. Sone sna].l L

1 errors exist in the values of the curves due to measurement inaccmciez i
and computations. -The tests were pgrformed on, at most; a gqp].g size » ) ;

of two for any given amplifier model number. Table X lists the amplifiers - -

0 20

=
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b ey

. TR
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.
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“ tected on the output of the demodulator test set.

which were tested. Therefore, the spread of freguency characteristics for:
a larger sample size would be s1gn1f1cantly .greater. : T

All that was done in this s1tuat1on was to hst whether or not
the amplifier/load combifations operated solidly in the stable or mstable'
regions. Combinations which came "close” ‘to being stable or unstablé-were
categorized *borderline”.
‘but all-combinations were evaluated using the same definition.
nation is considered borderline if .(1) at a crossover of tie anglés. of
71z and Z {unstable) {loop gain angle = 180°), the loop gain-magnitude -
(1712]/]2 (unstavie)]) is in the range of 0.8 to 1.25 oz {2) when the
loop gain magnitude is 1.0, thé loop gain phase angle is within 20’ of
£ 180°.

2. Stability Evaluation Using Transfer Function Characteristics

A combi-

As indicated previously, only the ins tabilities which cause
major perturbations in the amplitude of the amplifier output will be de-
Figure 0 illustrates
a transfer function plot of a combination which did not show signs of
oscillations while Figures 31 and 32 present X-Y plots which illustrate
slight and severe cscillations, respectively.

Higher frequency (greater than 40O hertz) instabilities which
cause only very small changes in carrier signal amplitude can be detected

by using an oscilloscope to monitor the output voltage waveforms. Since

75

The definition of "close" is somewhat arbitrary,
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E these lower amplitude-oscillations did not. disrupt thé"gaiﬁ ‘through- the - : ;
3 ( :amplifier/load. combination, these Combinations were not considered umor- B -
. wd - -
F ! R : - :‘
A tant, and the outputs ‘were: not momtored with ‘a scope. - - o
y. 5 F. - P
: L 3. Amp. ;Lfler Power Output Evalua 1on . - = s I S

41y
JEEb ool Oy

As mentioned: previousiy, the worst-casé power dummy lcad was ‘
selected. to cause the mnmm pOVer output from the amp yifiers. Thé an@li- o
fier power output was calculated from the real part of the dunmr J.oad o : j: ;’
impedance (at 40O hertz) and the in-phase cqn;pone,nt of the out;put}vgltagg* I I
in the saturation region of tﬁé transfer -characteristics plot. ’ Tiiés'e o -
test results represent the m:l.mmm a.mount of useful power (that which pro-
duces torque in the motor) which thé- ampllfzer mll supply.

- -
- . = - -

£ %

-
:
‘

AT CUTN
L= ARARIARRR ol

I

ONRIER:

‘B. SUMMARY OF TEST RESULTS -

Table XIT summarizes the data taken from the transfer plots for

. each -amplifier. Included in this table are stabilitﬁr and gain. llnearlty
'5 information for the worst-case power clmnnwdloads -on the amplifiers.

Stability prediction information using both the fre’quency
response comparison method and the transfer function characteéristics is .
B presented in Table XII along with the correlation between the two .differ-
ent prediction methods, Since the experimental dummy load frequency
characteristics did not agree with those of the ideal dummy locad at high
frequencies, there occasionally appears a different stability prediction.
for the ideal and for the experimental load. Only the predictions from
the experimental loads were used to correlate with the transfer plu,t

0 O o e

SRR
. B i’: J

I S

4 stability predictions,
3 C. SUMMARY OF SERVO AMPLIFIER PERFORMANCE

[ —
H

4 ) The servo amplifier performance data is presented in Tables XI
2 3 and XII. It would be more beneficial to present this data and let the

reader draw his own conclusions rather than make arbitrary divisions be-
However, Table XIIT does

e
—

R e T ——

t ( ]; tween acceptable and unacceptable performance.

’ s make predictions of the stability of amplifiers which were tested when
connected to any motor with specifications which fall in the ranges given

It should be emphasized that these

N IO I A e

g

in the recommendations (section II).
predictions are based on a very small sample size.
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